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Abstract. An external magnetic field applied to a laser plasma is shown produce a
plasma channel at densities relevant to creating GeV monoenergetic electrons through
laser wakefield acceleration. Furthermore, the magnetic field also provides a pressure
to help shape the channel to match the guiding conditions of an incident laser beam.
Measured density channels suitable for guiding relativistic short-pulse laser beams are
presented with a minimum density of 5 x 10’7 em™3 which corresponds to a linear
dephasing length of several centimeters suitable for mulit-GeV electron acceleration.
The experimental setup at the Jupiter Laser Facility, Lawrence Livermore National
Laboratory, where a 1-ns, 150 J 1054 nm laser will produce a magnetically controlled
channel to guide a < 75 fs, 10 J short-pulse laser beam through 5-cm of 5 x 1017 cm ™3
plasma is presented. Calculations presented show that electrons can be accelerated to 3
GeV with this system. Three-dimensional resistive magneto-hydrodynamic simulations
are used to design the laser and plasma parameters and quasi-static kinetic simulations
indicate that the channel will guide a 200 TW laser beam over 5-cm.

1 Currently at: Department of Physics, University of California at Berkeley
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1. Introduction

It has been recently demonstrated [1, 2, 3, 4] that plasma waveguides can extend
the propagation range of intense laser beams beyond their inherently short Rayleigh
length. Several techniques have been employed to guide intense laser beams in order to
enhance harmonic generation [5, 6], laser beam power amplification through backward
Raman scattering [7], and the electron beam energy achieved through laser wakefield
acceleration [8, 9].

Recently, a novel approach was used to produce optical channels in gas targets using
a laser beam to deposit energy along its axis producing a temperature gradient that
forces plasma from the high-temperature region producing an axial density channel [1].
The energy in the pre-forming beam can be adjusted to optimize the guiding of a second
short-pulse high-power beam. In laser wakefield acceleration experiments, this technique
was employed to guide a relativistic laser beam over 10 Rayleigh lengths; this produced
one of the first monoenergetic electron beams|8|, but the pre-forming energy required
limits densities to above ~ 10! cm™3.

In this work, we show that the introduction of an external magnetic field allows a
channel to be created at significantly lower densities (< 10'® cm™2) while the magnitude
of the external field provides control of the shape of the density channel. Specifically
the magnetic field (1) reduces the heat flux propagating away from the heater beam
increasing the plasma pressure in the center of the beam [10]; (2) controls the particle
motion through the magnetic field pressure (3 = n.T./B?). The first condition localizes
the energy deposition providing an increased plasma pressure at low densities while the
second condition tends to counteract the plasma pressure; the magnitude of the field
provides control of the channel shape allowing the channel to be tuned to conditions
required to guide a short-pulse laser beam.

Laser wakefield accelerators produce electric fields on the order 10-100 GeV/m [11].
These fields can be used to accelerate electrons and the energy in the electron beam
is determined by the acceleration length where the laser intensity is maintained above
relativistic intensities and the laser pulse is not overrun by the accelerated electrons.
The latter condition is determined by the ”dephasing length” (L4) and is controlled
approximately by the plasma density (n.);

Lo= N /38 o =
Ne

where ). is the electron plasma wavelength and )\ is the laser wavelength. Acceleration
over a dephasing length of a few meters will produce an electron beam energies
comparable to conventional accelerators [12]; in order to achieve acceleration over
this range, a laser guide must be developed at electron densities in the range of

1016 — 10*® cm=3.
In Sec. 2, the physics and measurements of laser-plasma interactions in the presence
of a large external magnetic field are presented. Section 3 shows experimental results
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Figure 1. (a) The experimental setup is shown where a high power laser beam
interacts with a 1.5-mm gas jet. Both He and N5 gases were used in the experiments.
A solenoid with a 1-cm gap in the middle produces a uniform magnetic filed parallel
to the high power beam. A probe beam was aligned perpendicular to the high
power beam and used to measure the electron temperature (Thomson scattering) or
plasma density (interferometry). (b) The peak electron temperature, at a density of
ne = 1.5x 10 cm™3, 1 ns after the rise of the heater beam is measured as a function of
magnetic field. (c¢) The electron temperature profile perpendicular to the heater beam
is measured using imaging Thomson scattering and shows a factor of 4 increase in
the peak electron temperature when a (squares) B=12 Tesla magnetic field is applied.
(triangles) B=0. The solid line is from the hydrodynamic simulations with a magnetic
field included.

that demonstrate the ability of the magnetic field to produce a low density channel
(ne < 1 x 107 ¢cm™3) suitable for a guiding high power laser. Section 4 presents a
platform that will extend the magnetically controlled waveguide over 5-cm and couple a
200 TW short pulse laser beam to accelerate electrons. A 3-dimensional hydrodynamic
code that includes magnetic field effects is used to design the conditions to produce a
long channel. Quasi-static kinetic simulations demonstrate the ability of this channel to
guide a 200 TW short pulse laser beam and accelerate electrons to multi-GeV. Section 5
summarize the current work on producing a magnetically controlled plasma waveguide
for GeV wakefield acceleration experiments.

2. Laser Interactions with a Magnetized Plasmas

2.1. Experimental Setup

These experiments were performed in the Jupiter Laser Facility, Lawrence Livermore
National Laboratory (Fig. 1(a)). Plasmas were produced in a gas jet with a 1.5 mm
diameter cylindrical nozzle and a maximum operating upstream pressure of 10 atm. The
opening of the nozzle was aligned 1.5 mm below the target chamber center (TCC). The
neutral gas density was well-characterized using interferometery [13]; the peak neutral
density used in the experiments discussed here was ng = 8 x 10'® cm 3.

A 1w (1054 nm), 100 J laser beam was focused to a minimum vacuum spot diameter

of 150 pum. The laser pulse was 1-ns square. A second laser beam was used as a probe
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for either Thomson scattering or interferometry. The probe was 200 ps long and was
aligned perpendicular to the high power beam. The time between the beams was varied
to study the temporal evolution of the plasma parameters; the relative beam timing was
known to 200 ps. For the results discussed here, the probe arrived 1 ns after the rise of
the heater beam.

An external magnetic field parallel to the heater beam was generated by a solenoid
(modified Bitter magnet [14]). The magnet was driven with a pulsed power system
capable of delivering a peak current of 15 kA, resulting in a 12 T field in vacuum at
the TCC. The magnetic field was shown to be constant over the laser experiment scale
lengths (~ 1 mm, 1 ns) [15].

2.1.1.  Thomson scattering Collective Thomson scattering has been shown to be
a valuable diagnostic to measure temporally and spatially resolved density and
electron/ion temperatures in laser produced plasmas [16, 17]. In this study, the Thomson
scattering probe laser was frequency doubled (2w) to produce 0.5 J and focused with a
40 c¢m focal length lens (f/10) to a 70 um diameter spot. The Thomson-scattered light
was collected at an angle of 90°, and collimated by an f/5 lens and imaged with a f/15
focusing lens, on to the 200 pum entrance slit of a 1 meter, 2400 groves/mm, imaging
spectrometer. The Thomson-scattering collection system had a magnification of 3. An
intensified gated charge coupled device (CCD) with 26 pum square pixels was coupled
to the spectrometer providing a spectral resolution of A = 0.09 nm and a spatial
resolution perpendicular to the high power heater beam better than 0x = 30 microns.
The Thomson-scattering volume was defined by the beam waist of the probe laser (70 ym
diameter) and the projection of the spectrometer slit into the plasma plane.

2.1.2.  Interferometry The density profile was measured using a Mach-Zehnder
interferometer. The plasma was imaged by a 2.5 inch diameter lens with a 30 cm
focal length onto a CCD with 9 micron pixels. The magnification of the system was
5 and had a spatial resolution of 20 microns. For the high density measurements
(ne = 1.5 x 10" em™3), the probe beam was frequency doubled (A = 527 nm) to
reduce the sensitivity of the system (i.e. reduce the number of fringe shifts).

2.2. Effect of an external magnetic field on electron temperature

Imaging collective Thomson scattering was used to measure the electron temperature
profile perpendicular to the heater beam and demonstrates the power of an external
magnetic field to influence the plasma conditions for the creation of a plasma waveguide.
Figure 1(b) shows the measured peak electron temperature as a function of the applied
magnetic field. A 12 Tesla magnetic field increases the peak electron temperature
by a factor of four by quenching the nonlocal heat transport [10]. At low densities,
suppression of the nonlocal heat flux is a prerequisite for channel production.

It is found that a 12 Tesla external magnetic field oriented parallel to a high



Magnetically Controlled Plasma Waveguide For Laser Wakefield Acceleration 5

nal M netic Field

35 e

$ % 30F (© 3
“"- E o E
jite S25F ;
W S 20F E
S15E 3

w10 | 3

& 5F ]

(=] Eo E
o:....’A.Lu|||l||||$1|1|:

1 05 0 05
Radius (mm)

-—

2-mm

Figure 2. Interferometric images measure the phase change induced by the line
averaged plasma density when (a) no magnetic field and (b) a B=6 Tesla external
magnetic field is applied. (c) The phase change is Abel inverted to provide a measure
of the radial plasma density with (solid curve) and without (dashed curve) an external
magnetic field for an initial He neutral density of ng = 8 x 10*® cm=3.

power laser beam inhibits electron thermal transport perpendicular to the heater beam,
reducing the heat flux by a factor of x, /kj = 0.7 where x|, s, are the conductivities
parallel and perpendicular to the magnetic field respectively. In these experiments, the
magnetic field serves to restrict the electron thermal conduction losses, but for the high
density (n. = 1.5 x 10" cm™3), high magnetic field (B=12T) conditions, the field is not
sufficient to confine the hot plasma to the laser-heated core (5 ~ 20).

Figure 1(c) shows the spatial profile of the heat wave for the highest magnetic
field experiments (B=12 T). These results are compared with simulations using
a hydrodynamic code that solves the classical heat transport equations originally
presented by Braginskii [18]. These simulations use the electron heat flux determined
by the minimum between the Braginskii heat flux (qz) and the free-streaming heat flux

(Qfs =n.T.v,);
adB = _KHVHTe — k1 VT, (1)
where the cross-thermal conductivities have been neglected due to the axisymmetry of

the experiment and the conductivities can be approximated for the high magnetic field
simulations by [19, 20],

ZneTeTei
K| =325
Me
ZneTeTei
Kl = 4.7 5 9 y
MeleeTe;

Comparing the conductivity effected by the external magnetic field (k) with the
conductivity that is not effected by the external magnetic field (x)) provides an estimate
of the reduction in heat flux for a 10 T magnetic field, x, /x| = 0.7.
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Figure 3. (a) A 2-dimensional Abel inverted density profile measured at an initial
neutral He density of ng = 7.5 x 107 cm~2 shows a 1-mm long channel. The heater
beam propagates from left to right. (b) The measured density profile (symbols) taken
from the center (z=0.5 mm) of the channel is shown. (black curve) The electron density
is calculated for the conditions of the measurement.

2.3. Effect of an external magnetic field on density

Figure 2 shows a factor of two reduction in the extent of the plasma when a 6 Tesla
magnetic filed is applied. Furthermore, this reduction in expansion leads to a density
channel and is a direct result of the increased on-axis electron temperature (see Sec. 2.2).
The increased electron temperature produces a large pressure driving plasma from the
center of the laser beam.

When no magnetic field is applied, Abel inverting the interferograms shows no
evidence of a channel and a central density of n, = 1.5 x 10 ecm™. When a 6
Tesla magnetic field is applied, the hot plasma is pushed against the cold plasma-gas
interface compressing the density along the outer shell to a factor of ~ 1.5 above the
background density. The asymmetry in the profiles is a result of the neutral density
gradient produced by the gas jet.

Initially the simulations show a background magnetic field throughout the plasma.
At 1.5 ns, the field at the center of the plasma drops from the vacuum field of 12 T
to 6 T, while the field at the heat front is compressed to nearly 16 T. The magnetic
field compression closely follows the radial density compression due to the expanding
plasma; initially, the magnetic field is trapped in the plasma, but as the temperature
gradient resulting from the local laser beam heating creates a pressure gradient lowering
the density in the center of the plasma, the field is pulled out by plasma expansion and
compressed at the heat front. The evolution of the magnetic field can be derived from
Ohm’s law. The magnetic field convects with the flow and diffuses due to joule heating;

0B, N <o
—-V-(vB,)=—V“B 2
ot (V Z) Lo ( )

where 7, ~ 1 x107*ZIn(A)/ T;"ﬁ2 is the plasma resistivity and In(A) ~ 8 is the Coulomb
logarithm. Equation 2 shows that when the plasma resistivity is small (i.e. perfect
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Figure 4. Hydrodynamic simulations that implement Braginskii heat transport
demonstrate the effects of a magnetic field on the channel formation at a low initial He
neutral density (ng = 7.5 x 1017 cm™3); (a) When no magenetic field is used (B=0),
the electron temperature is broad and no channel is produced. (b) A magnetic field of
B=3 Tesla, increases the electron temperature inside of the laser beam by a factor of 3
and produces a channel with a minimum density of n, = 8 x 1017 em™3. (c) Increasing
the magnetic field to 30 Tesla continues to increase the electron temperature, but the
magnetic field pressure balances the plasma pressure and no channel is produced.

conductor), magnetic field transport by convection greatly exceeds transport by diffusion
and the magnetic field will be frozen into the expansion so that [21],
ne(t) B(t)
n.(t=0) ~ B(t=0)

(3)

3. A plasma waveguide at low densities

Optical channels are produced in gas targets by creating a temperature gradient using
a laser beam to pre-form a plasma where the energy in the beam is adjusted to
optimize the guiding of a short-pulse high-power beam over 10 Rayleigh lengths, but
the energy required to form a channel limits densities to above ~ 10 ecm™ [1].
Figure 2(c) reproduces the fact that when no magnetic field is employed at a density of
ne = 1.5 x 10* ¢cm™ no channel is produced. The introduction of an external magnetic
field allows a channel to be created at significantly lower densities (< 10'® cm™3) while
the field produces a pressure that is used to counteract the plasma pressure and the
magnitude of the field provides control of the channel shape allowing the channel to be
tuned to conditions required to guide a short-pulse laser beam.

Figure 3 shows a 1-mm long channel with a minimum electron density less than
ne < 1 x 10" ecm™3. A 3 Tesla external magnetic field, 100 J pre-forming laser beam,

3 was used to produce this channel.

and initial He neutral density of ng = 7.5 x 10" cm™
Figure 3(b) compares the measured density channel with the hydrodynamic simulations.

Figure 4 demonstrates the ability of the magnetic field to control the minimum
plasma density; when no magnetic field is applied, the on axis density is equivalent to
the background density; no channel is produced. The peak electron temperature is 100
eV and the details of the temperature gradient are dependent on nonlocal physics [22].

Increasing the magnetic field such that the heat flux is reduced, increases the peak
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Figure 5. A schematic of an laser wakefield accelerator designed to produce GeV
electrons is shown. A 1-ns long, 150 J laser beam is used to produce a multi-centimeter
magnetically controlled optical plasma waveguide. A 150 TW short pulse laser is
focused at the entrance of the waveguide.

electron temperature by a factor of 3. The particles are not confined by the magnetic
filed (5 > 1) and the centrally heated electrons move radially away from the laser beam
producing the density channel shown in Fig. 4(b). When the magnetic field is increased
further, the electron temperature continues to increase, but the particles are confined
(8 > 1) and no channel is produced [Fig. 4(c)].

4. Multi-Centimeter Laser Wakefield Accelerator

Laser wakefield acceleration employs a high-intensity laser beam to separate the charge
in a plasma producing electric field gradients 1000 times larger than conventional
accelerators. Injecting electrons into this field has produced monoenergetic electron
beams [23, 8, 24, 9]; the energy in this beam is determined by the length in which the
short pulse laser remains above relativistic intensities and the electrons do not out run
the wake which travels at the group velocity of the laser beam. The former condition
requires an optical channel while the latter condition requires low densities. The
magnetically controlled optical plasma waveguide provides a guiding structure at the
densities required to produce greater than 10 GeV monoenergetic electron beams [12].

4.1. Experimental Setup

Figure 5 shows our plan for a laser wakefield accelerator using an extended magnetically
controlled plasma channel to guide a 200 TW short pulse laser. To expand the plasma
waveguide beyond the 1-mm experiments discussed in Sec. 3, each system is lengthened;
the solenoid, gas-target, and Rayleigh length are extended to produce a platform that

will generate a > 5-cm long channel at densities less than n, < 1 x 10'® cm ™3,

4.1.1. Laser Configuration The long-pulse Janus Laser and the short-pulse Callisto
Laser are currently being directed into a common target chamber at the Jupiter Laser
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Figure 6. (a) Emission from a plasma column generated with a 3 Tesla magetnic field
and 100 J is shown. (b) The radius of the /50 long-pulse beam is less than 100um over
6 cm. (¢) The measured axial magnetic field profile of the solenoid is measured to be
uniform over 12 cm; the maximum field for this system is 4 Tesla. (d) The neutral gas
density along the axis of the solenoid is measured for several backing pressures (blue)
800 psi, (black) 600 psi, (green) 400 psi, (red) 200 psi.

Facility, Lawrence Livermore National Laboratory. The long-pulse laser will be used
to produce the waveguide delivering 150 J of 1054 nm laser light in a 1-ns long square
pulse. The Callisto laser system has recently been upgraded to produce < 75 fs long, 10
J laser pulses. This 150 TW ultra-short pulse laser system coupled with the long pulse
capabilities of Janus provides a unique and powerful platform for wakefield acceleration.

Figure 6(b) shows the vacuum intensity for the long-pulse laser beam when an f/50
lens is used to extend the Raleigh length. The minimum laser spot is measured to be a
few times diffraction limited (¢ = 75 microns) and the radius remains below 100 microns
over 6 cm.

4.1.2. Solenoid An electromagnetic solenoid was designed as part of a low-inductance
circuit to provide long, uniform magnetic fields for optical waveguide production.
Beginning with a solid block of phosphorus bronze, the solenoid shown in Fig. 6, was
machined to be 20 cm long and have 8 turns with a bore diameter of 5.1 cm. The
current that generates the magnetic field is supplied by a pulsed power system capable
of storing 28.8 kJ and driving nearly 100 kA through the magnetic [15]. This system is
capable of delivering a 4 Tesla uniform field over 12 cm [Fig. 6(c)] [25].

4.1.3. Gas Tube A 3/4 inch tube is aligned down the center of the solenoid to isolate the
neutral gas from the high voltage. Figure 6(d) shows the measured neutral gas density
produced along the axis of the tube. The density in the gas tube was characterized
using a time resolved interferometer. A 4-mm aperture is used on the upstream side of
the tube to maintain the uniform density (Fig. 5).

Figure 6(a) shows initial experiments that demonstrate a 5-cm long plasma column.
The image is recorded by a gated charge-coupled device (CCD) that time averages the
visible plasma emission (400-800 nm) for 20 ns. Future experiments will incorporate
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Figure 7. (a)Three-dimensional hydrodynamic simulations are used to demonstrate a
5-cm-long channel at densities required to accelerate electrons to multiple GeV.(b) The
transverse electron density at best focus is shown with a flux limiter of f = 1 (red),
f =0.05 (dashed) and f = 0.01 (blue) at the end of the 1 ns laser pulse. A 2 Tesla
external magnetic field corresponds to an effective flux limiter of f = 0.005 — 0.02 and
allows the creation of a waveguide in a low density plasmas over multi-centimeters.

interferometry and Thomson scattering to measure the plasma density and temperature
profiles. This experimental set-up will then serve as a platform for LWFA experiments
with a 150TW short-pulse laser.

4.2. Simulations

4.2.1. 3D Hydrodynamics In order to assess the feasibility of a 5-cm-long channel at
low densities (< 10'® cm™3), we have performed hydrodynamics simulations with the
code HYDRA [26]. While HYDRA includes an MHD package, it is not currently coupled
to the heat conduction models, therefore, the heat flux was limited using a flux limiter
calculated to match the effective limit produced by the external magnetic field (k. /x).

Figure 7(a) shows results of simulations that approximate the reduced transverse
heat transport for a 2 Tesla external magnetic field and conditions produced by
our current system (See Sec. 4). Running the same simulation without an external
magnetic field (i.e. no flux limiter) leads to an electron density bump along the
laser propagation axis as transverse heat conduction quickly diffuses strong density
perturbations (Fig. 7(b)).

These simulations use a constant background helium neutral density of 3.75 x
10'7 em—3, a laser energy of 100 J over 1 nanosecond and a focal spot of 150um FWHM
with an f/50 lens. Figure 7(b) shows results for two simulations where a flux limiter
of f =0.01 and f = 0.05 were used. Both show qualitatively similar channels with a
width between 200 and 400 um FWHM, a central electron density of 5 x 10" ecm ™3, and
a peak density of 10'® cm™3. The electron temperature varied between 50 and 150 eV.
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Figure 8. Electron density contours (blue scale) showing the presence of the channel
and the evolution of the wake field are shown as the short pulse beam (red scale)
propagates from the (a) entrance of the channel (0 cm), (b) midway through the
channel (2.5 cm), and (c) at the end of the channel (5 cm). The electric filed generated
by the axial wake field is plotted (red curve; left axis).

For these parameters the magnetic field has a large effect on the plasma; the electron
cyclotron frequency (we.) is much larger than the collision rate (Te;) WeeTe; = 5 — 15
and the heat flux is significantly reduced (x./r| ~ 0.002 — 0.02) [19]. It should be
noted that recent work [27] suggests that this simple estimate of the transverse thermal
conductivity when an external B-field is applied could become inaccurate as the spatial
evolution of the magnetic field over nanosecond time scales can be quite complicated,
with both advection and the Nernst effect competing.

From these simulations, we conclude that a relatively low external magnetic field
(1-3 T) is enough to tailor a laser-guiding channel at the densities required for laser
wakefield acceleration over multiple centimeters. We are planning to improve our
modeling capabilities by coupling the heat transport modeling to the B-field evolution
in the near future.

4.2.2. High Power Laser Guiding We simulate the interaction of the short-pulse laser
with the background plasma channel using WAKE [28]. Propagation of both a 100 and
200 TW, 50 fs FWHM laser pulse was simulated in a parabolic leaky plasma channel
and a uniform plasma over 5 cm. The parameters for the channel were given by the
HYDRA simulations where a 2 Tesla magnetic field was applied to produce the channel
(See Fig. 7(b)).

Figure 8 shows a 200 TW laser pulse propagating through the 5-cm long channel.
The wakefield is strongly driven evident in the large piling of charge one plasma period
behind the pulse. In addition, the effect of dispersion on the group velocity of the laser
beam is discernable as the pulse begins to split [29]. The short pulse laser used an initial
matched channel spot size of 70 microns FWHM.

WAKE assumes a low background plasma density (w, << wyp), allowing for
separation of the electron response into a high frequency and ponderomotive component.
In addition, the evolution of the laser envelope is assumed to be slow compared to transit
time of electrons through the pulse. As a result, upon averaging over the rapid laser
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Figure 9. (a) The normalized short pulse energy in one radial sigma is plotted as a
function of distance for the 100 TW (black) and 200 TW (red) cases. When a channel
is employed (solid) there is significantly less diffraction than when a channel is not
used (dotted). (b) The electron energy gain as a function of distance for an electron
entering at the beginning of the channel for the 100 TW (black) and 200 TW (red)

simulations.

induced oscillations, the motion of the plasma is solely a function of the wave frame
coordinate (z-ct). We note that for the channels and pulses considered here w,,/wy << 1,
and Atw, << wy/w, where At is the FWHM of the laser pulse; both assumptions
are well justified. WAKE solves an envelope equation for the time evolution of the
pulse in one transverse and one longitudinal dimension. Inclusion of group velocity
dispersion to lowest order in w,/wy allows for longitudinal modifications to the pulse.
The pulse is dynamically altered by the presence of the plasma. The laser pulse drives
a ponderomotive current in the plasma modifying the background density, which alters
the pulse evolution.

Figure 9(a) shows the laser energy contained within the wave guide by averaging
over one transverse sigma normalized to the total laser energy. For both unguided cases,
the pulse undergoes rapid diffraction and the 200 TW pulse is slightly self-focused. The
plasma channel limits diffraction for both laser powers which is evident in the high
one-sigma throughput: 91% and 77% for the 100 TW and 200 TW respectively. The
200 TW pulse drives a stronger wake, transferring more of its energy to the plasma,
resulting in a smaller throughput than the 100 TW pulse. This high throughput at 5
cm is promising for future plans to scale the length of the guiding structure to > 10 cm.

Figure 9(b) shows the expected energy gain for an electron accelerated by guided
100 and 200 TW laser pulses. We estimate this energy gain by averaging the axial wake
field over the accelerating phase, and integrating over the length of the plasma channel.
The expected energy gain over 5 cm for the 100 TW and 200 TW pulses is 1 and 3 GeV
respectively. This compares well to other studies [12]. Furthermore, this energy gain
remains linear in spite of the one-sigma depletion of the laser pulse.
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5. Summary

We present a method to extend the propagation range of intense laser beams beyond
their inherently short Rayleigh length at densities relevant to accelerating electrons to
GeV energies by employing an external magnetic field to a laser produced plasma. An
optical plasma waveguide is produced by reducing the heat flux propagating from a laser
beam using an external magnetic field. Thomson-scattering measurements show a factor
of 3 increase in the electron temperature when a magnetic field is applied. This increase
in temperature is shown to create a channel at densities less than n, < 10'® cm™3.
Furthermore, the magnetic field produces a pressure that can be used to counteract the
plasma pressure and the magnitude of the field provides control of the channel shape
allowing the channel to be tuned to conditions required to guide a short-pulse laser
beam.

A laser wakefield accelerator that implements the magnetically controlled plasma
waveguide is presented along with 3-dimensional hydrodynamic simulations that show
a 5-cm channel at a density of 5 x 10! cm~3. Quasi-static kinetic simulations are used
to propagate a 200 TW short pulse laser through this channel suggesting that electrons
can be accelerated to 3 GeV.
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